Abstract ROSINA (RSI) was isolated as a DNA binding factor able to bind to the CArG-box present in the promoter of the MADS-box gene DEFICIENS of Antirrhinum majus. The mosaic nature of RSI and its multi-copy presence in the A. majus genome indicated that RSI could be a part of a mobile genetic element. Here we show that RSI is a part of a CACTA transposable element system of A. majus, named TamRSI, which has evolved and is still evolving within the terminal inverted repeats (TIRs) of this CACTA transposon. Interestingly, RSI is always found in opposite orientation with respect to the transcription of a second gene present within the CACTA transposon, which encodes a putative TRANSPOSASE (TNP). This structural conWguration has not yet been described for any member of the CACTA transposons superfamily. Internal deletion derivatives of the TamRSI produce aberrant RSI transcripts (RSIATs) that carry parts of the RSI RNA fused to parts of the TNP RNA. In addition, an intriguing seed phenotype shown by RNAi transgenic lines generated to silence RSI, relate TamRSI to epigenetic mechanisms and associate the control of Xower development to transposon activity.
Introduction
Transposable elements (TEs) or transposons are DNA sequences capable to change their position within a genome (McClintock 1950) . TEs, genetically deWned by Barbara McClintock (1950) , were regarded with scepticism for a long period because genes and even chromosomes were envisioned as static strings of genetic material with little freedom for structural rearrangements. McClintock named them "controlling elements", thus suggesting a role in the regulation of gene activity (McClintock 1956) . Their potential regulatory function was overshadowed by the operon theory (Jacob and Monod 1961) and even after TEs had regained scientiWc interest (Nevers and Saedler 1977) , some scientists regarded them as "selWsh" DNA with no role in cellular processes beside their own survival (Doolittle and Sapienza 1980) . A prototype of DNA transposons is represented by the En/Spm element of maize, which belongs to the large family of the CACTA TEs. Several structural features, some in common with other types of TE families, characterise the CACTA family, to which the Tam1 element of Antirrhinum majus also belongs. Firstly, at both ends of a CACTA transposon, terminal inverted repeats (TIRs) are found. Secondly, transposons induce characteristic target site duplications upon insertion (Bonas et al. 1984; Schwarz-Sommer et al. 1984) . In addition, sequence repeats are also found at sub-terminal positions with respect to the TIRs (Kunze and Weil 2002) . The integrity of the TIRs and of the sub-terminal repeats is essential for the transposition (Schiefelbein et al. 1988) . En/Spm codes for at least two proteins with separate functions that are produced from a single precursor transcript by alternative splicing (Pereira et al. 1986; Masson et al. 1989) . One protein, named TNPD, represents the putative transposase required for the excision/integration process during transposition. The second protein, named TNPA, is a factor with multiple functions, some of them reXecting its ability to bind DNA Trentmann et al. 1993) . Ultimately, the TNPA can act as a positive and negative regulator of its own activity (McClintock 1965) . This function is complex and involves both an auto-regulatory mechanism and DNA methylation "states" of a GC-rich region within the element (FedoroV et al. 1995) . Very little is known how the methylation "states" (epigenetic states) of these cis-regulatory regions are established. More recently, a new link between transposon activity and epigenetic phenomena such as paramutation, imprinting and gene silencing has been established in plants as well as in animals (Ketting et al. 1999; Tabara et al. 1999; Lippman et al. 2004; Martienssen et al. 2004; Alleman et al. 2006) . ROSINA (RSI) was isolated as a factor able to bind a speciWc promoter region of the DEFICIENS gene and to modulate petal and stamen development (Roccaro et al. 2005) . The RSI gene is present in multiple copies within the genome of Antirrhinum majus. RSI encodes a product that shows weak similarity to several En/Spm-like proteins from diVerent plant species. These Wndings suggest that the RSI gene might be part of a transposable element. Here, the genomic organization of several RSI copies is described, demonstrating that RSI is indeed a part of a CACTA transposable element. Sequence analysis shows that RSI is found in opposite orientation to a putative TRANSPOSASE (TNP) carried by the transposon. CACTA transposons encoding two genes with a convergent direction of transcription have not been yet described. In addition, internal deletion derivatives of TamRSI fuse parts of the RSI gene with the TNP. These types of TamRSI copies are able to produce aberrant transcripts (RSI-ATs) that carry parts of RSI in antisense orientation. The identiWcation of double-stranded RNA (dsRNA) formed by sense and antisense RSI transcripts, and a parent-of-origin eVect on the seeds revealed by backcrosses of RSI-RNAi transgenic lines with wild type lines, relate RSI to epigenetic mechanisms of gene regulation, and associate the control of Xower development to transposon activity.
Materials and methods

Plant material and growth conditions
All inbred lines of A. majus were grown in the greenhouse at 18-25°C under 16 h light and 8 h dark. Seeds were germinated on the surface of moist vermiculite at 20°C under the same light conditions. For outcrossing, immature anthers were removed from the female parent when the Xower was still closed. Seeds were collected as soon as the fruit began to dehisce. The mutant lines opulentiXora and pleiocotiledona were obtained from the A. majus mutant collection maintained at the IPK, Gaterleben (Germany). The two RNAi lines were described previously (Roccaro et al. 2005) . The weight of the seeds of each genotype was determined by randomly selecting 40 seeds from three diVerent capsules. The average weight of a seed was obtained dividing by 40.
DNA extraction and Southern blot hybridization DNA extractions were performed using the method of Coen et al. (1986) . Southern blots were performed as described in Sambrook et al. (1989) . For high stringent conditions of hybridisation, Hybond-N Wlters containing genomic DNA were incubated overnight at 65°C in 50 or 100 ml of 3X SSC, 0.1% SDS, 0.2% Wcoll and 0.2% polyvinylpyrrolidone with the addition of salmon-sperm DNA (end concentration 0.1 mg ml -1 ). After hybridisation, the Wlters were washed twice in 0.5X SSC, 0.1% SDS for 10-15 min at the same temperature used for hybridisation. For low stringent conditions of hybridisation the Wlters were incubated overnight at 50°C in 50 or 100 ml of 5X SSC, 0.1% SDS, 0.2% Wcoll and 0.2% polyvinylpyrrolidone with the addition of salmon-sperm DNA. After hybridisation, the Wlters were washed twice in 3X SSC, 0.1% SDS for 10-15 min at the same temperature as for hybridisation. Southern blots of PCR or RT-PCR products were performed using alkaline blot. Filters were hybridised in 3x SSC 0.1% SDS at 70°C for 6 h. Filters were washed twice with 0.1x SSC 0.1% SDS for 30 min each time.
Genome walk
Genome walk was performed following the strategy used in the GENOMEWALKER ™ kit (CLONTECH) as indicated in the manufacturer's instructions with minor modiWcations. BrieXy, 2.5 g of A. majus genomic DNA was independently digested with several blunt end restriction endonucleases. After a phenol/chloroform extraction and ethanol precipitation, the digested DNA samples were subjected to an adaptor ligation. The adaptor is made by two partially complementary oligonucleotides, one of which (the lower strand) is phosphorylated at its 5Јend whereas its 3Ј end carries an amino group. This amino group blocks extension by Taq polymerase at the 3Ј end of the adaptorligated genomic fragments preventing the ampliWcation of unspeciWc PCR products primed with the adaptor primer, but favouring the ampliWcation of PCR products primed with the gene-speciWc primer and the adaptor primer. The digested genomic DNA was ligated in the presence of 2.0% PEG 8000 at 16°C overnight with an excess of adaptor in 50 l reaction volume. The ligated DNA was diluted to 50 ng/ l and 1 l used in the Wrst nested PCR reactions. Only 15 cycles of ampliWcation were performed in the Wrst nested PCR, consisting of a denaturing step at 95°C for 20 s, the annealing step at 65°C for 1 min and the extension step at 68°C for 4 min and 30 s. One microliter of this Wrst nested PCR reaction was used for the following nested reaction, using 25 cycles of ampliWcation with the same time and temperature conditions. Finally, 5 l of last nested PCR reaction were loaded on 0.7% agarose gel to resolve the PCR products, which was alkaline-blotted and hybridised with a speciWc TamRSI Xanking region as probe. The DNA of the hybridising bands were subsequently isolated and cloned using TOPO ™ blunt end vector (Invitrogen).
RT-PCR, PCR ampliWcations, and double-stranded RNA detection
The RT-PCRs were performed as described previously (Roccaro et al. 2005) . PCR ampliWcation of products longer than 4.5 kb were ampliWed with the Expand High Fidelity system (ROCHE), using ampliWcation programs as indicated in the manufacturer's instructions. Doublestranded RNA was detected according to the protocol described in Korneev (1999) . The list of the primers used in this study is found in supplementary Materials and methods, Table 1 .
Results
RSI is a multicopy gene
Southern blot hybridization allows estimation of the copy number for a gene in a given genome when highly stringent conditions are used. Using RSI full-length cDNA as a probe, Southern blot analysis revealed a relatively high number of hybridizing bands, depending on the restriction enzyme and on which A. majus lines were used (Fig. 1) . Approximately 12-14 RSI copies were estimated per A. majus genome. Within the A. majus species some bands were polymorphic (Fig. 1) . The copy number also changed within the Antirrhinum family, with A. siculum showing the lowest number of copies (Suppl. Fig. 1 ). Hybridizations at low stringent conditions showed that the RSI sequence is conserved only within the Antirrhinum family and in phylogenetically closely related species such as Misopates orontium (highest copy number), but is absent in more distant relatives of A. majus like Linaria, and in unrelated species, including the monocot barley (Suppl. Fig. 1 ).
Screening of a genomic library with the RSI cDNA as a probe yielded 43 recombinant phages, which were assigned to distinct groups. Sequence comparison among the unique clones showed a high degree of similarity with each other over most of their length (similarity higher than 93%), but with an abrupt sequence change at their 5Ј end of the RSI gene. At the divergence point of each genomic clone a CACTA terminal inverted repeat (TIR) characteristic of the En/Spm super-family of transposable elements was found (Bonas et al. 1984; Pereira et al. 1986 ). Beside the 5Ј end CACTA signature, none of the genomic clones carried a CACTA TIR at the 3Јend or contained other structural similarities with any of the known CACTA type of TEs, such as 5Ј or 3Ј sub-terminal repeats and/or conserved transposase motifs. Nevertheless, the weak similarity of RSI with transposon like-proteins, its multi copy presence in the A. majus genome and in a phylogenetically closely related species, together with the CACTA signature at the 5Ј end of all analysed copies, suggested that RSI could be part of a TE of the CACTA super-family. Therefore, hallmarks required to associate RSI to a transposon were systematically investigated such as TIRs, ability to transpose and/or to generate deletion derivatives.
The RSI gene is located between TIRs of an En/Spm-like transposable element DNA transposable elements are structurally characterised by the presence of terminal inverted repeats (TIRs) and are Xanked, at the site of insertion, by target site duplications (TSD). Additional genomic library screens using cRSI as probe did not lead to the identiWcation of an RSI clone containing a 3Ј end CACTA TIR. Therefore, a diVerent approach was used to verify the presence of TIRs and TSD. This approach takes advantage of the strategy used to clone Tam1 (Bonas et al. 1984) and it represents an unequivocal way to verify the presence of the TIRs. This approach consisted of the identiWcation of a polymorphism in segregating F2 populations of several A. majus lines, using the various regions Xanking the 5Ј end CACTA signature as probes. A polymorphism would indicate the absence and/or a rearrangement of the transposon at a speciWc locus that could deliver the 3Ј end Xanking sequence with respect to the transposon insertion and/or the other transposon end. In the case of the absence of the transposon from the investigated locus, the 3Ј end Xanking sequence can in turn be used as a probe to clone the 3Ј end CACTA TIR from the line carrying the transposon (Suppl. Fig. 2 ). Two of these Xanking regions, belonging to two unique RSI genomic clones (RSI-2 and RSI-3) detected two polymorphisms, respectively (Suppl. Fig. 2 , probe 1 and probe 3). The polymorphic bands were cloned. Both the 165E segregating bands contained part of the RSI gene 5Ј end and further upstream regions.
The despenteado-1 and -2 (desp-1, desp-2) (Wilkinson et al. 2000) segregating fragments carried the same RSI 5Ј end Xanking regions and at their 3Ј end new sequences, but no RSI parts. Next, we hybridised restricted DNA of the segregating F2 population of desp-1 with the newly isolated 3Ј end sequence as a probe (Suppl. Fig. 2 , probe 2). A new polymorphism was found: one band of about 5 kb belonging to the desp-1 line and a new band of about 9.5 kb belonging to the 165E line (Suppl. Fig. 2 ). Attempts to clone the 9.5 kb band from the EcoRI digest as well as polymorphic bands arising from other restriction endonuclease digests failed, suggesting that the 3Јend RSI sequence could be deleterious or not stable in the phages and/or in E. coli strains used to clone and amplify the polymorphic genomic DNA fragment. In addition, attempts to span by PCR the complete RSI-2 and RSI-3 loci using primer combinations on the corresponding 5Ј and 3Ј end Xanking sequences failed. By Southern blot hybridisation a minimal length of 21 kb was calculated for the RSI-2 copy (data not shown; a partial genomic structure of RSI-2 is shown in Suppl Fig. 3 ). Although it was not possible to clone the new polymorphic DNA fragment from the line 165E, the 3Ј end Xaking regions of RSI-2 and RSI-3 provided two new unique sequences where to anchor PCR primers to verify, using the genome walk strategy, the presence of a CACTA TIR at the 3Ј end of these two RSI copies.
Genome walk and identiWcation of the TIRs and TSD
The genome walk strategy (see Materials and methods) allows walking towards an unknown genomic sequence from a known genomic sequence, in our case from the new identiWed 3Ј end Xanking regions. A genome walk from the known 3Ј end RSI sequence was prohibitive due to the high degree of sequence identity among the various copies. This strategy was successful and it delivered sequences carrying a CACTA signature in the correct orientation with respect to the 5Ј end CACTA signature of RSI-2 and RSI-3, respectively. In addition, the RSI-2 contained an imperfect target site duplication (TSD) TCA/TC, whereas the RSI-3 copy contained a perfect 3 bp TDS ATA/ATA Xanking the insertion site. This Wnding supported the idea that the RSI-2 and RSI-3 copies were located within the TIRs of a CACTA transposon. Hence, these RSI copies represented new insertions in the 165E line because the TSDs were not found in the lines desp-1 and desp-2. Although, we could not isolate the complete RSI-2 and RSI-3 genomic copies, primers designed on the TIRs of these two copies allowed us to amplify by PCR a product of about 10 kb containing the full RSI coding region and representing a new RSI copy (RSI-6) (Fig. 2) . Sequence analysis of RSI-6 demonstrated that a putative TRANSPOSASE (TNP) gene was present within the CACTA TIRs in opposite orientation of RSI (Fig. 2) . This type of transposon structure has not yet been described for any member of the En/Spm family of DNA transposons, and hence represents a novelty. According to the nomenclature of the A. majus transposons (Bonas et al. 1984) , this new type of transposon was named TamRSI followed by a number to indicate the corresponding speciWc copy.
Mapping and excision analysis of TamRSI
Characteristic for mobile TEs is their localisation at nonallelic positions and their ability to transpose from one location to another within a genome leaving behind, in some cases, footprints at the site of excision . To further understand the nature of TamRSI, dominant and co-dominant markers were selected to map some copies using an A. majus X A. molle F2 population (Schwarz- Sommer et al. 2003) . Two copies, TamRSI-3 and a later isolated TamRSI-4, mapped to linkage group 6 (Lg6) and Lg5 respectively (data not shown). Therefore, it appeared that TamRSI-2 and TamRSI-3 were located in the Lg6 because of their linkage with the DESP locus. The mapping experiment revealed the non-allelic positions of the TamRSI copies.
Another diagnostic feature of TEs is the generation of DNA footprints upon excision. Since it was not possible to cover the entire locus of TamRSI-2 or TamRSI-3 by PCR, ampliWcation of products able to hybridise with probes Xanking these two copies would represent somatic and/or germinal excision events. Primer pairs speciWc to the Xanking sequences of TamRSI-2 and TamRSI-3 copies, respectively, were used in a series of nested PCR ampliWcations to detect excision events. As shown in Fig. 3 , TamRSI-2 was able to excise from its genomic location. The excision events were imperfect, generating footprints (deletions) (Fig. 3) . Similarly, the movement of the TamRSI-3 copy was detected (Suppl. Fig. 4) . These experiments clearly demonstrated that TamRSI could transpose and integrate at non-allelic positions, two diagnostic features for mobile DNA transposons. Fig. 2 Schematic representation of the 10 kb long genomic structure of TamRSI-6 (AM498638) (a) and of the partial TamRSI-3 structure (AM502588 and AM 502589) (b). Unlike the RSI genomic structure of TamRSI-6, which was derived by sequence comparison of the 10 kb genomic PCR product with cDNA clones, the genomic structure of TNP was predicted using GENSCAN (http://www.genes.mit.edu/ oldGENSCAN.html) and checked manually for exon/intron borders. The RSI gene consists of Wve exons and four introns, with the Wrst intron in the 5Ј UTR directly adjacent to the Wrst putative RSI translational start codon (ATG). In b, the deletio-fusion event in TamRSI-3 occurred between the XhoI and BamHI sites. The TamRSI-3 structure is not complete as indicated by the two slash lines Deletion derivatives as source of aberrant RSI transcripts Internal deletions within the TEs are common and are generated by aberrant transposition events (Kunze and Weil 2002) . The known portion of the TamRSI-3 copy has a genomic structure that fuses part of the TNP coding region with the 5Ј end of the RSI coding region (Fig. 2) . Primer pairs designed to detect variants of internal deletions similar to TamRSI-3 ampliWed several genomic PCR products of diVerent lengths ranging from 2.1 to 6.5 kb depending on the plant line used. Some of these products were able to hybridise with both a TNP and with a RSI probe (Suppl. Fig. 5 ). Transposon structures like TamRSI-3 (Fig. 2) have the potential to produce aberrant RNA molecules. We have previously reported the isolation of an aberrant RSI transcript called RSI-AT1 (Roccaro et al. 2005) . The identiWcation of other internal deletion variants of TamRSI (Suppl. Fig. 5 ) suggested the existence of additional aberrant RSI transcripts (RSI-ATs), similar to RSI-AT1, formed by parts of the RSI fused to parts of the TNP. To identify these predicted RSI-ATs, RT-PCR experiments were carried out in diVerent A. majus lines. Figure 4 demonstrates the presence of additional RSI-ATs. Some of these transcripts are expressed in a speciWc manner (Fig. 4: 165E vegetative  meristems) . In addition, in some lines, these transcripts seemed to be suppressed or reduced to a low level not detectable under these conditions (Fig. 4) .
The presence of these aberrant transcripts indicated a complex transcriptional regulation among the TamRSI copies. Since they carry antisense sequences of the RSI coding region, they have the potential to form RNA duplexes with the full-length RSI transcripts, which in turn can regulate transcription of the TamRSI copies via post-transcriptional gene silencing (PTGS) (Tijsterman et al. 2002 and references therein), and/or via transcriptional gene silencing (TGS) (Matzke et al. 2001) . Thus, the formation of RNA duplexes and their possible regulatory function were investigated as described in the following section.
Fig. 3 Detection of TamRSI-2 transposition (a, b) and three examples of footprints detected after its excision (c).
Genomic DNA from four pools was used, with each pool containing twenty-Wve 165E plants (samples 1, 2, 3 and 4). Two "negative" controls (presence of TamRSI-2 at the investigated locus: no PCR product ampliWed) represented by DNA extracted from a single individual plant of 165E (sample 5) and Sippe 50 (sample 6) lines, respectively, and two positive controls (absence of TamRSI-2 from the investigated locus: PCR product ampliWed) represented by DNA extracted from Line 91 (sample 7) and from Pallida-recurens (sample 8) respectively, were also included. a Agarose gel electrophoresis of the Wrst three nested PCR ampliWcations and b Southern blot hybridization of ampliWed PCR products from the last primer combination. The 5Ј end Xanking region of TamRSI-2 was used as a probe. c The three strongest hybridizing bands (sample 1, 3 and 4 in B) were cloned and sequenced to show the type of excision events (deletion: del-1, del-3 and del-4) of TamRSI-2 Fig. 4 Detection of additional RSI-ATs by RT-PCR. Plant material from diVerent A. majus lines was used to extract mRNA. The TNP forward primer was derived from a predicted exon of this gene, while the reverse primer was designed from the RSI transcript. The ACTIN gene was used as a control to semi-quantify the amount of single-stranded DNA used in the PCR reaction. The ampliWed products and their sizes are indicated on the right and left side of the panel, respectively. (Roccaro et al. 2005) . The smear at the bottom of the Southern blot is likely due to breakdown of the radioactively labelled Wrst strand during PCR and/or linear ampliWcation of breakdown products which have lost one primer-annealing site, but which still can hybridise to the radioactive probe Parts of RSI RNA and the TNP RNA form double-stranded RNA The detection of the RSI-ATs suggested that doublestranded RNAs (dsRNA) might form in cells where both RSI and RSI-ATs transcripts are expressed. To detect dsRNA we took advantage of the methods described in Korneev et al. (1999) , which exploited the feature of the RNase-ONE enzyme to degrade single-stranded RNA leaving dsRNA intact. Total RNA was extracted under non-denaturing conditions, treated with an excess of RNase-ONE and reverse-transcribed with primers located outside and inside the hypothetical dsRNA molecules (Fig. 5) . If dsRNA molecules existed, then a single product is detected from the sample treated with RNase-ONE and reverse transcribed with the primer inside the dsRNA molecule. In contrast, no product would be detected from the samples reverse transcribed with the outside primer. dsRNA could be detected in the inXorescence apices of the 165E line (Fig. 5, lane 8) . The expected product of 322 bp was cloned and sequenced conWrming that it originated from mRSI. This Wnding possibly links the control of RSI expression to an antisense type of gene regulation and the existence of dsRNA molecules to the production of siRNA.
TamRSI transcriptional levels in carpels
The complexity of the RSI transcriptional regulation was previously shown in Antirrhinum transgenic plants carrying a RNA interfering (RNAi) construct designed to silence the RSI gene(s) (Roccaro et al. 2005) . In these transgenic lines (RNAi-1a and RNAi-1b) a general up-regulation of the full length mRSI with a concomitant down-regulation of the RSI-AT1 transcript was observed, the latter monitored by the amount of a 329 bp PCR product corresponding to the 3Ј end of the RSI-AT1 transcript. This could be explained by a silencing eVect exerted by the sense strand of the transgenic dsRNA exclusively on the RSI-AT1 transcript. Reducing RSI-AT1 transcript level appeared to favour an up-regulation of the RSI mRNA. However, when we analysed the level of expression of RSI and RSI-AT1 in the carpels of the RNAi-1 lines by quantitative RT-PCR, we surprisingly found that both transcripts were up-regulated compared to their level of expression in the carpels of the wild type line 165E (Fig. 6a) . Currently, it is not known which regulatory mechanism established this transcriptional eVect in the transgenic lines, although we favour the idea that in carpels the up-regulation of full length RSI mRNA and of the RSI-AT1 RNA is the result of the activity of a carpel speciWc RNA-dependent RNA polymerase (RdRP) induced by the transgenic silencing construct. Nevertheless, this alteration of the RSI and RSI-AT1 transcript levels seemed to have developmental consequences for the seeds produced by the transgenic RNAi-1 lines.
Seed phenotype of the transgenic lines
In wild type carpels, RSI is mainly expressed in the style and in the ovules (Roccaro et al. 2005 ) at a later stage of Fig. 5 Detection of dsRNA. a Schematic representation of doublestranded RNA formation. b PCR products generated after 15 cycles of ampliWcation with the primer combination indicated and detected by Southern hybridization using the probe indicated in a. The RNA sample extracted in non-denaturing condition from line 165E was divided into two fractions and treated with DNase to remove traces of DNA, and with DNase plus RNase-ONE to remove DNA and single-stranded RNA, respectively. The two resulting samples were reverse transcribed with primers ds1 and ds2 respectively, and subjected to PCR with the primer combination indicated. The 522 bp product is derived from a RSI transcript, as expected from mRNA treated only with DNase and reverse transcribed with the primer ds1. Samples in lanes 2 and 4 were not expected to give a PCR product, because they did not contain a complementary ds1 sequence due to the reverse transcription with the primer ds2. Similarly, for the samples in lanes 3 and 7 the treatment with RNase-ONE removed transcripts containing sequence complementary to ds1, therefore no product was ampliWed. The 322 bp band represents the expected product generated from dsRNA molecules. The asterisk indicates an unspeciWc PCR product Xower development. The seed capsules of the two RNAi-1 lines lack the four pores necessary for seed dispersal that are normally localised on the top of the seed capsule (Suppl. Fig. 6 ). The seed coat of seeds coming from selfpollinated RNAi-1 plants, and from those backcrossed with several wild type lines used as male gametophyte donors, had a diVerent sculpture (pattern of ridges). In wild type lines, the seed coat had a discrete longitudinal pattern of ridges, in contrast to a more reticulate pattern of ridges seen in the RNAi-1 lines (Fig. 6 , compare panel B2 with B4 and B5-6). In the reciprocal cross (RNAi-1 lines as pollen donors), the seed coat had a wild type phenotype (Fig. 6 , panel B7-8) in agreement with the maternal origin of the seed coat. Therefore, it appears that altered levels of expression of RSI and RSI-AT1 transcripts in the female organ inXuence seed dispersal and the architecture of the protecting layer of A. majus seeds.
Self-pollinated transgenic Xowers produced fewer but larger seeds weighting almost twice as much as those of the wild type lines (Fig. 6, panel B and C) . Backcrosses to the wild type lines (pollen donor) yielded seeds half of which had the external dimensions like those of the self-pollinated RNAi-1 lines (Fig. 6, B5 ), while the other half had a "shrunken" phenotype (Fig. 6, B6) . The non-shrunken seeds however weighed less than the wild type seeds (Fig. 6c) because most of them were without embryo and endosperm, though their seed coats were well developed. The seed population of the reciprocal backcrosses (RNAi-1 lines as pollen donors) resulted in seeds smaller then wild type with a few normal-sized seeds in a ratio of about 12:1 (Fig. 6, B7-8) . Hence, the reciprocal crosses showed an evident parent-of-origin eVect similar to mutations in imprinted genes (Spielman et al. 2001) . A molecular and genetic explanation of the observed seed phenotypes will surely require more detailed studies. However, several scenarios can be envisaged to explain these dramatic eVects on seed development, which are discussed below.
Discussion
RSI represents a new type of CACTA transposable element
We have demonstrated by several means that the RSI gene is a constituent of a CACTA transposon in A. majus. Tam-RSI is present in multiple copies at non-allelic positions, suggesting that it is able to transpose within the Antirrhinum genome. This is corroborated by the analysis of diVerent excision products obtained from the integration sites of TamRSI-2 (Fig. 3) . A putative TRANSPOSASE (TNP) gene is found within the transposon unit in opposite orientation with respect to the RSI gene. This is an unusual structure not seen in other CACTA-type TEs. The Wrst described transposon structure with multiple ORFs in a convergent orientation was the Mutator element of Zea mays (Hershberger et al. 1995) . Recently a new class of complex DNA transposons called polintons has been reported (Kapitonov and Jurka 2006) . This type of transposable element also contains multiple ORFs often arranged in convergent orientation. How could such a structure arise?
Studies in several plant species have described the acquisition of gene fragments by TEs including CACTA transposons (Fischer et al. 1995; Kawasaki and Nitasaka 2004) , MuDR and MuDR-like elements, (Talbert and Chandler   Fig. 6 a Quantitative RT-PCR performed on inXorescences including Xoral buds (Inf. + Buds) and on carpels, to show the level of expression of the full length RSI and of the 329 bp long RSI-AT1 transcripts in the lines 165E and RNAi-1. b Seed phenotype of the self-pollinated lines 165E (1-2) and , and of the two reciprocal crosses (5-6 and 7-8, respectively) (see text for details); c chart of the seed weight. The same seed phenotype was obtained with the RNAi-1b line. Scale bar in b 1, 3, 5, 6 and 7, 2 mm; 2, 4 and 8, 500 m 1988; Juretic et al. 2005) , Helitron elements (Morgante et al. 2005) , as well as two cases of LTR-retrotransposons in maize (Bureau et al. 1994; Jin and Bennetzen 1994) . The mechanism of gene fragment incorporation, termed "transduplication", which preserves the exon-intron structure of the gene fragment acquired, is unknown (Juretic et al. 2005) . In contrast to the transduplicated gene fragments found in rice, in Arabidopsis and in the Japanese morning glory that consist mostly of non-expressed genes (Kawasaki and Nitasaka 2004; Hoen et al. 2006) , RSI expression is developmentally regulated (Roccaro et al. 2005) , and it codes for an expressed protein (M. Roccaro, unpublished ) . Three cases of transposase-derived genes have been identiWed recently in plants, indicating that transposons can be beneWcial for their own host Bundock and Hooykaas 2005; Muehlbauer et al. 2006) .
It can be speculated that, in the case of RSI, two independent insertions of a CACTA transposon occurred at the 5Ј and 3Ј end of an ancient RSI gene, containing a DNA binding domain and/or a dimerization domain. The 3Ј end insertion occurred in the opposite orientation to the transcription of the ancient RSI. Subsequently, a number of simultaneous or independent rearrangement steps of the two CACTA transposons may have produced a new transposon unit, consisting of RSI and TNP embedded between the CACTA TIRs. Alternatively, the RSI gene could result from rearrangements of a tnpA-like gene within the CACTA transposon unit to form a structure like the ones described above. Although these are speculative views, it is interesting to note that the transposase portion is relatively well conserved among the CACTA TE family, including the TNP of TamRSI (data not shown). In contrast, the TNPA part shows a high degree of sequence divergence as reported for the TNPA of En/Spm and Tam1 (Kunze and Weil 2002) . Similarly, in a TamRSI-like structure present in the Antirrhinum genome (Causier et al. 2005, Suppl. Fig. 1 , CACTA TIRs non-annotated), the RSI-like part shows only a weak similarity with other proteins, including RSI itself (data not shown), whereas the TNP portion is more conserved. Therefore, it appears that the "TNPA/RSI"-like genes are faster evolving portions of the CACTA transposons, and one way to achieve this variability of sequence could be through the acquisition of gene fragment(s).
RSI was Wrst isolated because of its ability to bind a speciWc region of the DEFICIENS (DEF) promoter and to modulate the activity of DEF during petal and stamen development. Transcriptional repression and activation were two suggested functions of RSI (Roccaro et al. 2005) . The Wnding that RSI is a constituent of a CACTA transposon, together with its trans-acting regulatory activity exerted on the DEF gene could justify to call TamRSI a "controlling element". dsRNA and RSI transcriptional regulation Overlapping antisense transcripts have the potential to form dsRNAs that in turn can form small RNA molecules called short interfering RNAs (siRNAs), which mediate in a sequence-speciWc manner post-transcriptional gene silencing (PTGS) in plants (Hamilton and Baulcombe 1999) , and in a sequence-and strand-speciWc manner RNA interference (RNAi) in animals (Fire et al. 1998; Zamore et al. 2000; , as well as transcriptional gene silencing (TGS) (Matzke et al. 2001) . SiRNA precursors are also formed by the activity of RNA-dependent RNA polymerases (RdRP) . The detection of RSI-ATs transcripts, most likely formed by internal deletion-fusion events of TamRSI, and the identiWcation of a dsRNA formed by annealing of these aberrant transcripts with the sense RSI RNA, suggested that RSI and TNP expression are under the control of PTGS and/or TGS regulatory mechanisms. A number of identiWed siRNAs have been related to transposon sequences in plants and animals (Llave et al. 2002; Mette et al. 2002; Aravin et al. 2003; Sijen and Plasterk 2003) , and siRNAs have also been shown to regulate plant transposon activity, assembly of heterochromatin and DNA methylation in transposon rich regions such as centromers . A selfenforcing RNAi loop mechanism, involving tandem repeats, the activity of an RdRP and the cyclic production of siRNAs, has been described in S. pombe (Volpe et al. 2002; Martienssen 2003) to account for the silencing of transposons in heterochromatic regions. Such a model could in part explain the higher transcriptional level of RSI and RSI-AT1 detected in the carpels of the transgenic RNAi-1 lines. In carpels (ovules) the RNAi construct, intended to silence RSI, produces dsRNA molecules that, once processed into siRNAs, could serve as primers to maintain the synthesis of new dsRNA precursors by a carpel speciWc RdRP (Fig. 7) . These precursors are processed to siRNAs, which in turn regulate RSI and TNP expression of TamRSI. The identiWcation of siRNAs containing RSI/TNP sequences would be instrumental to further explore the transcriptional mechanism regulating RSI expression.
Seed phenotypes
The observed seed phenotype of the two RSI RNAi-1 lines is a very intriguing aspect of TamRSI function. Reciprocal crosses performed with the RNAi-1 lines strongly suggested that the imprinting eVect is somehow caused either by the up-regulation of RSI transcript in the stamen (Roccaro et al. 2005) or by RSI and RSI-AT1 transcripts in the carpels. Since PTGS is a highly sequence-speciWc mechanism, another mechanism must be invoked to explain the seed phenotype. An intriguing question is whether the observed seed phenotype is due to RSI activity as transcription factor, or it reXects an epigenetic eVect caused by RSI as a part of a transposon. A link between transposons and silencing of imprinted genes has been recently discovered for the imprinted gene FWA. A short interspersed nucleotide element (SINE) located in the promoter region of FWA is responsible for the silencing of this gene Kinoshita et al. 2007 ). The silencing eVect is associated with the production of siRNA, with DNA methylation and histone methylation (Soppe et al. 2000; Chan et al. 2004; Lippman et al. 2004 ). However, another well-characterised imprinted gene, MEDEA, appears to be regulated by a mechanism that does not involve transposons, though methylation is still required (Xiao et al. 2003; Spillane et al. 2004) . It can be speculated that the up-regulation of RSI and/ or RSI-AT1 transcripts in the carpels of the transgenic lines might lead to a methylation, guided by the over production of siRNAs, of maternally inherited genes involved in the seed development, which might be located near TamRSI copies. This hypothetical methylation eVect on the maternal genes could explain the paternalized phenotype observed (big seed, failure in endosperm/embryo development) in the cross where the ovule donors are the transgenic lines. Similarly, in the reciprocal cross (pollen donor the RNAi-1 lines) the maternalized (small seed) phenotype could be the result of methylation of paternally inherited genes. However, since hyper-or hypo-methylation can have the same eVect on seed development, depending on whether the maternal or the paternal chromosome undergoes these two opposite types of methylation (Spielman et al. 2001 ), more than one scenario is possible. For instance, the down-regulation of the RSI-AT1 transcript in the transgenic stamen (pollen) (Roccaro et al. 2005 ) would lead to a hypo-methylation of maternal genes on the paternal chromosomes with a consequently maternalized seed phenotype. An alternative explanation is that the up-regulation of RSI in stamen and carpels directs the activation or repression of genes that are normally imprinted in the maternal or paternal genomes, respectively. This latter view would favour the idea of RSI as a TNPAlike protein able to exert a de-methylation/activation function as previously proposed for the En/Spm tnpA gene (FedoroV et al. 1995) . More extensive studies are required to unravel the functions of this unique CACTA transposon and to clarify the involvement of RSI in Xoral development as well as in seed development. (Schauer et al. 2002) , generating pools of siRNA molecules. The native pathway establishes a complex balance between the levels of expression of RSI, TNP (not indicated) and RSI-ATs transcripts and the level of siRNAs produced from them in stamen and carpels. In carpels however, a self-enforcing loop (indicated by 1) is envisaged in the pathway triggered by the transgenic dsRNA and mediated by the activity of a carpel speciWc RdRP. The production of secondary siRNAs could, in turn, feed the loop and alter the balance of endogenous siRNAs resulting in an up-regulation of the TamRSI transcripts. The black Wlled arrows indicate the direction of transcription. The black and grey parts of aberrant RSI transcripts represent an RSI and the TNP genes or fragments of them, respectively, in a convergent conWguration and generated by an internal deletion-fusion similar to that of TamRSI-3 
